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Helical poly(2-methoxystyrene) has been demonstrated to have interesting
biofunctional properties and has the ability to form supramolecular structures. Poly(2-
methoxystyrene) is minimally biocompatible, as determined via cell culture experiments.
Helical (+) poly(2-methoxystyrene) (as compared to non-helical or achiral counterparts)
accelerates the attachment and growth of osteoblast cells, i.e. bone cells. Therefore by
constructing diblock copolymers using this polymer should yield interesting
biofunctional properties. Hence, by preparing nanostructures based on poly(2-
methoxystyrene)-block-poly(ethylene oxide) diblock copolymers, biofunctional materials
can be developed for applications in tissue engineering and drug delivery systems.
Additionally, these chiral polymeric materials may self-assemble into complex structures
approaching the sophistication ofbiological systems, synthetic equivalent of enzyme type
tertiary structures. This dissertation reports the preparation, characterization, and self-
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In biological systems, chirality is a necessary fundamental structure in
biomacromolecules such as nucleic acids, proteins, and polysaccharides. A chiral
molecule is defined as a non-superimposable mirror image and is fundamental to the
functionality in natural and biological systems. In nature, one of the most intriguing
dissymmetric shapes is the helix, a form of conformational chirality. Naturally occurring
and synthetic macromolecules have specific stereochemistries and conformations that
contribute to the unique biological and physical properties.' For example, the most
prevalent protein in mammals is collagen which self-assembles into fibers through the
folding of three-stranded helices ofpolypeptide chains.^ The tensile strength of collagen
is due to the triple helical structure, this triple helix or three dimensional structure is a
necessary element in this regard. In addition to the collagen molecule there is another
biological system that serves as an excellent model, the tobacco mosaic virus (TMV).
The tobacco mosaic virus self-assembles into an extremely sophisticated structure which
consists of rod-like particles of single RNA with a length of 3000 A and a width of
180 A.^ This self-assembled TMV structure is held together by numerous weak non-
covalent bonds. The phenomenon associated with biomacromolecules having the ability
to gather, hold, and retrieve copious amounts of information through weak hydrogen
bonds and other non-covalent types of interaction is an emerging field in
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scientific research. At this point in time it is absolutely necessary to develop a
fundamental understanding as to the different methods ofpreparing higher structurally
ordered systems with functional properties. Controlled and designed self-assemblies are
possibly the most effective approaches to prepare such structures with functional
properties approaching biological systems. Pedersen, Cram, and Lehn (1987 Nobel
Laureates) began working with crown ethers and cryptands in the 1960s and observed
that these molecules can form well-defined and stable (sometimes crystalline) complexes
which are held together by weak forces such as hydrogen bonding and van der Waals
interactions. This remarkable discovery is indicative ofhow biological systems have
utilized weak interactions to form extremely well-defined functional structures. The
work ofLehn and coworkers fostered the discipline ofSupramolecular Chemistry.
Supramolecular Chemistry combines the area of chemistry, biology, and physics and is
based on key principles ofmolecular information and recognition.
The concept ofMacromolecular Chemistry was first investigated by Staudinger
(1881-1965). Staudinger determined that polymers were large molecules and not a
mixture of low molecular weight organic compounds. Biological macromolecules like
proteins consist of amino acid building blocks. The structural and functional properties
ofproteins are dependent on specific amino acid sequences. A synthetic macromolecular
scientist can learn valuable insight from biology to prepare complex three-dimensional
structures with biofunctional properties. The idea and motivation is to develop methods
to help construct macromolecules that can duplicate nucleic acids or proteins.
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Higher ordered macromolecular structures have been prepared by asymmetric
anionic polymerization or helix-sense selective polymerization using an achiral monomer
by numerous research groups. This approach entails the polymerization of a monomer
using, in most instances, a chiral initiating anionic complex. Poly(triphenylmethyl
methacrylate)"^ and poly(diphenyl-2-pyridylmethyl methacrylate)^ reported by Okamoto’s
research group are nearly 100% isotactic and have one-handed helicity. Left-handed and
right-handed enantiomeric helices have been prepared using chiral anionic initiating
complexes of the opposite chirality. Furthermore, our research group has developed a
much easier approach for preparing helical polymers from achiral monomers. Our work
on the preparation of (+) and (-) helical poly(3-methyl-4-vinylpyridine) has been
reported in literature.® This work demonstrated that less bulkymonomers can be
successfully utilized to prepare synthetic helical polymers. Additionally, the use of a
monomer such as 3-methyl-4-vinylpyridine will permit the ready preparation ofblock
copolymers with one helical block, which is a potential building block for preparing
chiral macromolecular assemblies. We have also prepared helical poly(2-
methoxystyrene) [P2MS] polymers which are structurally very similar to the poly(3-
methyl-4-vinylpyridine) but are minimally biocompatible.
When the areas ofpolymer science and supramolecular chemistry are combined
the field ofsupramolecularpolymers is formed. More importantly, these supramolecular
polymers have the potential and applicability to use towards many biological problems
assisting in resolving ordinary fabrication methods.^ These polymers are key to the
design and building ofnanostructures using the bottom-up approach.
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Thus, supramolecular polymers or macromolecular assemblies may be prepared
by the self-assembly ofblock copolymers where the blocks have different interactive
forces e.g., blocks which are hydrophobic and hydrophilic.* Classical types ofblock
copolymers include: i) coil-coil diblock copolymers, ii) rod-coil diblock copolymers,
and iii) rod-coil diblock oligomers. With the help ofblock copolymer self-assembly,
researchers can develop highly designed building blocks as functional biomaterials. Self-
assembly methods have been utilized to generate chiral superstructures from block
copolymers containing a chiral isocyanopeptide block and a polystjrene block which
self-assembles into rods and superhelices.^ Due to the presence ofchirality in biological
systems, it is essential to design and prepare highly intricate synthetic structures that are
capable of imitating them. Therefore, self-assembly of synthetic block copolymers with a
chiral block is important. The chiral segment of the block copolymer will drive the
formation of chiral superstructures.
By incorporating nanoscience and biology with supramolecular polymer science
the emerging field of nanobiotechnology veers scientists and researchers into a new era
of scientific research. The field ofnanobiotechnology is currently focused on the
development ofnanoscale tools (in the size range of 100 nm or smaller) to control
biological functions. Biomaterials and nanotechnology have evolved into an arena to
solve complicated biomolecular problems. The extent ofnanobiotechnology includes
organic and polymer synthesis using the bottom-up approach to constitute building,
altering, and linking molecular substituents. There are several examples that convey this
principle. First, techniques such as molecular immobilization by attaching molecules
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to surfaces to form mechanically stable surface structures are carried out. Secondly,
protein engineering can be used as a means ofmanufacturing and amending members of
an existing class ofnanometer devices or self-assembly as a strategy for constructing
molecular systems from smaller and simpler components for forming organized
structured systems. Third, scanning probe techniques, which are used for visualizing
molecules in addition to understanding molecular motion (Brownian motion),
manipulating and patterning molecules towards building molecular systems. Lastly,
molecular modeling as a design interpretation, analysis tool, and template for developing
systems using these technologies all pertain to key tactics that constitute
nanobiotechnology.Several research groups have synthesized helical polymers and
confirmed their helical properties by using various tools exclusive for nanotechnology.
Tools such as Scanning Force Microscopy (SFM) and chiroptical instruments. Circular
Dichroism (CD) Spectroscopy, have confirmed optically-active helical supramolecules
and macromolecules.
This dissertation reports the successful preparation of optically active helical
poly(2-methoxystyrene)-block-poly(ethylene oxide) [P2MS-b-PEO] diblock copolymers
using the bottom-up approach and hydrosilyation techniques. In addition to developing
polymerization techniques, nanobiotechnology tools such as Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force
Microscopy (AFM) and the Malvern Zetasizer were also used to determine the nano-size
dimension of the chiral diblock copolymer.
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Cell culture studies were also carried out to show cell attachment and growth on the
diblock copolymer, (+) P2MS-b-PEO and (-) P2MS-b-PEO, using Hela Ovarian Cancer
Cells. Finally, diblock copolymers self-assembled to form supramolecular assemblies
with well defined higher structural order, in this case tertiary structures.
CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
In bio-molecular environments, self-assembly plays a vital role that is very
different from the macroscopic world. Proteins are synthesized in cells and are left to
float freely, diffusing to their ultimate site of action accompanied by a crowded group of
competitors. A typical protein interacts with thousands of other types ofproteins and
must be able to distinguish its unique target from all others. Prior to the study of
molecular structures ofproteins. Crane established two criteria for biological self-
assembly.^ Crane’s theory suggests that; “For a high degree of specificity the contact or
combining spots on the two particles must be multiple and weak” and “one particle must
have a geometrical arrangement which is complementary to the arrangement on the
other.” These two concepts state that an assortment ofmany weak interactions is needed
to provide the necessary stability and to form a specific site for interaction. Further, the
shape of the interacting surfaces must form a good fit and this fit must differ from that of
the other proteins. As a result of this biological phenomenon, researchers have shown
tremendous interest in this area for the development of synthetic materials. With this in
mind and by rationally designing and synthesizing polymeric materials capable of self-




The potential for nanotechnology on the molecular level is limitless and will be
advantageous to humanity. Hence, by using self-assembly to prepare nanostructures by
an emerging area of research will provide synthetic solutions to biological adversities.
2.1 Asymmetric-selective polymerization
Macromolecules ofnatural origin or synthetic nature may have the characteristic
of chirality and optical activity. Chiral and optically-active macromolecules include
nucleic acids, proteins, polysaccharides, and a-amino acids just to name a few. When
one or more compounds in a reaction mixture undergoes a chemical transformation such
as asymmetric induction the formation of a chiral structure is possible. As a result,
simple preparations of synthetic macromolecules are possible via polymerizing optically
active monomers. However, asymmetric polymerizations that produce optically active
polymers from optically-inactive monomers are ofmore interest. Categories of
asymmetric polymerization consist of: asymmetric polymerizations, asymmetric
chirogenic polymerization, and asymmetric enantiomer-differentiating polymerization.*'*
The preparation ofhelical polymers can be achieved in two ways: helix-sense
selective (asymmetric) polymerization or helix-induced practices. Chiral initiators are
the catalyst for asymmetric polymerizations. Some chiral initiators (Figure 1) are N,N
diphenylethylene diamine (DPEDA-Li), (-) sparteine (Sp), (-I-) or (-) 2,3-dimethoxy 1,4
bis(dimethylamino) butane (DDE), and (+)-l-(2-pyrrolidinylmethyl) pyrrolidine (PMP).
These chiral initiators induce a preferred screw sense, as a result of the initiation,
propagation steps, and reaction conditions that yield the formation of secondary structure
which may have optical active properties.






Fig. 1. Chiral initiators
2.2. Helical Polymers
Nature has developed magnificent highly organized structures in
biomacromolecules. There have been attempts to mimic these systems through synthetic
chemistry and this is ofprime interest. Biomacromolecules such as proteins,
a-amylose,'^ poly(a-amino acids),and nucleic acids'^ all posses helicity or higher
structural order which is an excellent model scientists can use as a template.
Nucleic acid helical order is well known and has the characteristic of a double
helix that is extremely flexible in bulk and solution. The various helical conformations of
DNA have different helical symmetries but only one bears a resemblance to the native
state of the macromolecule. Watson and Crick studied the B-conformation ofDNA and
concluded that in the presence of salts such as sodium chloride and lithium chloride under
very humid conditions, B-DNA is the closest to the native state of the biomacromolecule.
The B-DNA was characterized by a ten-fold symmetrywith a perpendicular base pair
having a size of 3.4 A and the right-handed helical screw with a diameter of20 A.
Helicity is based on chiral building blocks which may produce right- or left-
handed helices. When right- or left- handed helices are synthesized or induced, optical
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activity may result without any chiral side ormain chain groups. These helical
1 Q
conformations generate two types ofhelical structures; a rigid and a dynamic helix.
The rigid helix is stable at room temperature while the dynamic helix has characteristics
ofhelix reversals that move along the polymer chain at room temperature.
Helical geometry is a result oforderly repetition of internal rotation angles along
a polymer backbone, this phenomenon is common in natural and synthetic polymers. A
helix is defined by a central axis (c-axis), a screw sense and pitch. In the case of a helical
polymer, the pitch (P), or the distance traveled along the c-axis relates to one full 360°
turn, this corresponds to T], the number of repeat monomer units in each turn, and h, the
monomer repeat height projected onto the c-axis, where P = ti x A. Helix symmetry is
denoted by Nm, where N residues reside in m turns of the helical screw. The work of
Pauling demonstrated that a-helices are present in solid state and solution, using X-ray
diffraction. This work established that for a-helices of natural L-amino acids, the right-
handed screw sense is energetically favored over the left-handed form caused by stable
internal hydrogen bonding between the -NH and carbonyl substituents that are located at
consistent intervals along the helical coil.
Isotactic polypropylene was the first polymer reported that has a helical
conformation in the solid state. This work was the precursor to many synthetic helical
macromolecules today. Doty and Lundberg observed the growth of the a-helix from a
random-coil conformation by polymerizing the amino acid group ofN-carboxyanhydride
yielding poly(y-benzyl-L-glutamate).^'^ Helix-inversion barriers are well defined when
helical polymers of isotactic poly(3-methyl-1-pentene) are placed in solution.^^
Table 1. Polymerizations of 2-methoxystyrene under different conditions^
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Initiator Solvent Temp(°C) Time(h) Yield(%) Mw Mn
AIBN benzene 50 72 55 6000 3270
n-BuLi THF -78 2.5 100 4000 3400
n-BuLi THF 0 0.5 40
n-BuLi Toluene -78 120 Traces
n-BuLi Toluene 0 48 75 19,000 11,000
n-BuLi Toluene -20 72 75 3800 2840
n-BuLi Toluene 30 24 90 8400 5230
®GPC in THF using Waters Styragel columns HRS at flow rate of 1.0 ml/min.
Molecular weights are relative to polystyrene standards.
Table 2. Anionic polymerization of2-methoxystyrene with the complexes of
n-BuLi with the optically active ligands (-I-) or (-) DDB.
Run Chiral Ligand Temp (°C) Time(h) [al-™589 Mw Mn
1 (+) DDB -78 96 (+) 78 ....
2 (+) DDB -78 96 (+)73 58,0
00
54,000
3 (-) DDB -78 96 (-)12
4 (-) DDB -78 96 (-)15 333,
000
145,000
Optimum conditions for the polymerization ofoptically active Poly2MS with the best
yield were listed in Table 3.





AIBN benzene 50 72 55 6000 3270
n-BuLi toluene -20 48 75 19,000 11,000
n-BuLi/(+)
DDB toluene 0 48 85 4110 4020
n-BuLi/(-)




In approximately 30 minutes, optically active poly(2-methoxystyrene) loses its optical
activity due to the secondary chiral structure. The most likely explanation for this
observation is a result of the preparation of the helical secondary structures using helix
sense selective polymerization at low (-78 °C) temperatures. The activation energy for
the helix-to-helix inter-conversion or helix-coil transition is sufficiently large so that such
processes are not observed at the lower temperatures. Therefore, at low temperatures,
stable secondary left-handed and right-handed helical structures are formed. At higher
temperatures, the relatively low activation energy is not high enough to inhibit loss of
optical activity due to the secondary structure via helix-to-helix inter-conversion or helix-
coil transition processes. However, the optical activitymay be regenerated by cooling
the polymer solution down to low temperatures. The phenomenon of the reappearance of
the original optical rotation is most likely due to the presence of a true asymmetric
center(s) in the polymer backbone. The true asymmetric center(s) induces the secondary
chirality giving rise to dynamic and reversible optical rotation. Therefore, this process is
totally reversible suggesting that the polymers have amemory for the secondary
structure.
Thermal analysis ofhelical and non-helical Poly(2-methoxystyrene) was
determined to be non-conclusive. The melting temperature (Tm) of the polymers was
determined to be between 275-295 °C possibly indicating that the polymer is partially
crystalline. A glass transition (Tg) temperature was not observed for P2MS, suggesting
that the glassy amorphous domain is small (<300 A) or that the glass transition region of
the amorphous content of the homopolymer cannot be determined by DSC.
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2.2.1.2. Cell Culture Studies ofpoly(2-methoxystyrene)
As a result of cell culture studies using HeLa ovarian cancer cells, it was
concluded that poly(2-niethoxystyrene) is preliminary biocompatible. This observation is
in contrast to the result suggesting the polystyrene (PS) does not support the attachment
or growth ofHeLa cells. The rationale behind this is that, P2MS is biocompatible
because of the presence of the methoxy group in the ortho position, being a slight
modification ofpolystyrene. The (+) helical P2MS is very supportive ofhela ovarian cell
growth and is more effective in supporting the cell attachment and growth than the
achiral polymer (Table 4 and Figure 4).
Table 4. Number ofHeLa cells on the P2MS sample surfaces after 3 days, 5 days, and
7 days of incubation






TCPS 8.0 ± 0.9 18.0 ±0.3 43.0 ±0.4
(+) helical P2MS 5.8 ±0.3 12.0 ±0.1 28.0 ± 0.2
Achiral P2MS 4.8 ± 0.2 15.0 ±0.1
Fig. 4. Growth of (+) helical P2MS on HeLa ovarian cancer cells
Day 3 Day 5 Day 7
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2.3 Supramolecular Polymers
The work of Lehn, Pedersen, and Cram, whom received a Noble prize in 1987,
was the first to explore supramolecular chemistry. By working with crown ethers and
cryptands they were able to explore a new area ofmaking assemblies that are held
together by weak interactions."^^ Supramolecular chemistry promotes chemical make-up
via intermolecular non-covalent bonds."^^ Molecular entities consolidate to perform
simple acts on the macroscopic level and supramolecular systems unite to perform a
complex organized function which combine the role of the molecular entities. Two key
components contribute to the phenomenon ofsupramolecular chemistry, the nature of the
molecular components and the specific interactions that hold them together, which
include hydrogen bonding, electrostatic effects, donor-acceptor interactions, and metal¬
ion coordination. When polymer science and supramolecular chemistry combine the area
ofsupramolecularpolymers is created. Amongst these two components are two largely
defined categories: supermolecules andpolymolecular assemblies.^^ When well-defined
structures are formed due to intermolecular interactions ofmolecular components
supermolecules are formed. However, when a large number of components
spontaneously associate into large supermolecular architectures or a specific phase
having more or less well-definedmicroscopic or macroscopic characteristics depending
on its nature (films, layers, membranes, vesicles, micelles, mesophases, surfaces, solids,
etc.) polymolecular assemblies are produced. Further expansion of these two categories
in the area ofsupramolecular chemistry channels the execution ofmolecular recognition
which controls the progression and the design ofpolymolecular species as they
spontaneously build up from their components through self-organization.^^’"^^
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Through meticulous design and manipulation ofsupramolecularpolymers and
phases using spontaneous molecular interactions through self-assembly tactics which
consist of two or more interactive or recognition groups, researchers have established
programmable supramolecular systems. These programmable supramolecular systems
generate a structured approach based on molecular recognition events.^"^’^^ Consequently
these processes are indicative of three principles: (i) selective binding, (ii) growth, and
(iii) termination. Selective binding suggests that complementary components are sensed
through molecular recognition; Growth occurs through sequential binding of the
components in the correct relative orientation; and termination requires a stop signal
indicating that the process as reached completion confirming the end point.
Biological macromolecules such as proteins have derivatives such as
microtubules, microfilaments, and flagella which form helical supramolecularpolymers.
Using hydrogen bonding and nanoscale building block supramolecular oligomers were
prepared by Lehn and coworkers."*^ When quadruple hydrogen bonds were incorporated
into ureidopyrimidinone'^^ (UPy) and ureidotriazine^^ (UTr) supramolecular polymers
were also created. Highly ordered, helical columnar structures were created from these
UTr based with trialkoxyphenyl substituents in alkali solvents as a result of hydrogen
bonding and solvophobic affects.^^ These are examples ofsupramolecular polymers that




Self-assembly in biological systems have one universal feature and effectively
uses numerous weak noncovalent interactions to form complex structures by means of
complimentary subunits. Various natural systems produce highly-organized systems at
the nanoscale by using self-organization, self-assembly, and self-synthesis methods. The
tobacco mosaic virus^ (Figure 5) is one of the most famous and well understood natural
examples ofhierarchical self-assembly. Protein subunits form a disk-shaped assembly
that is transformed into a helical structure as a result of a loop RNA inserted into the
central hole of the protein disk. Other protein disks are formed with specific folding of
the polypeptide chains and forms two turns initiated by the loop RNA helix. Individual
disk eontinue to combine through noncovalent interactions that supports the final
ineremental helical pattern. Thus, the resulting hierarchical structure assembles into a
virus having with a length of 3000 A and width of 180 A which is at or close to
equilibrium. This system demonstrates the overall self-assembly process that is
error-proof and self-correcting through assembly and dis-assembly ofprotein subunits.
Fig. 5. Structure of tobacco mosaic virus
The mechanism of self-organization has contributed to the development of life
itselfby promoting “strict self-assembly”. “Strict self-assembly” relates to pathways that
generate a final product directly or spontaneously when the correct components are
mixed under appropriate conditions. Criteria that facilitate this concept states that the
pathwaymust be completely reversible and the product should be at thermodynamic
equilibrium. Additionally, the components of the final structure must contain all of the
information necessary for correct assembly to occur.
Nature’s example of strict self-assembly is best displayed by the DNA double
helix which is produced by two complementary oligonucleotides. These nucleotides are
composed of four base pairs; adenine (A), guanine (G), cytosine (C), and thymine (T)
located at the 1' position of a 2' deoxyribose sugar ring and a phosphate group arranged at
the 5' position which formulates the repeating monomer unit. As a result, the repeating
monomeric units ofDNA resemble a random copolymer.
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Contrary to the random structural order ofDNA nucleotides, Chargaff s rule'^^
confirmed base pairs were complementary despite any inconsistency in order or
concentration of the base pairs. Shortly after this observation, Watson and Crick^°
studied the double helical structure ofDNA. Two linear single strands ofDNA are coiled
around a central axis and support the double helical structure ofDNA. Hydrogen
bonding fosters the connection between the base pairs establishing specific interactions:
two hydrogen bonds between (A)-(T) and three hydrogen bonds between (C)-(G). This
dynamic supramolecular system demonstrates the contact and molecular recognition of
one oligonucleotide strand by another preceded by the propagation of the growing helix
by the matching of the complementary base pairs. Hence, several conformations are
constructed due to this self-assemblymechanism. However, the most prevalent
conformations of the DNA double helix are the B-, A-, and Z- structures. The most
admired supramolecular assembly B-DNA which forms a right-handed helix consists of
two right-handed strands intertwined and proceeding in opposite directions. These right-
handed strands are held together by hydrogen bonds between the purines positioned on
one strand and the pyrimidines located on the other strand. When B-DNA is placed in an
aqueous medium, the hydrophobic base protects itself from the aqueous solution while
the hydrophilic sugar-phosphate backbone is exposed. This right-handed helix results
from ten base-pairs stacking have a distance of 0.34 nm and rotating 36° with a pitch of
3.4 nm. Under conditions of low-humidity B-DNA transforms into A-DNA. Eleven base
pairs per turn with a pitch of2.8 nm, make up A-DNA with base pairs slanted on the
helical axis at an angle of 20°. The A- and B- conformations ofDNA have repeating
units composed ofmononucleotides versus Z-DNA which has repeating units of
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dinucleotides. The left-handed helix ofZ-DNA is most likely formed by alternating
imits ofpurines and pyrimidines at high salt concentrations. A longer and thinner Z-
DNA has twelve base pairs per turn and a pitch of 4.5 nm when compared to the formers.
This phenomenon of assembly and dis-assembly promotes the recovery of the structure
free from errors in base-pair matching, ultimately leading to correct detection between
two strands and therefore resulting in a thermodynamically stable structure at
equilibrium. Therefore, the dynamic nature of self-assembly is clearly integrated with the
tools for correction and repair in the event the assembled structures are damaged.
23.1.2. Amphiphilic Chiral Lipids andHelical Ribbons
Lipid nanotubes are also known for packing via chiral orientation revealing
helical markings. This action is the precursor for twisting of the bilayer membrane which
may result in a hollow cylindrical tubule. Several approaches were addressed to test this
theory of chiral lipid tubules and helical ribbon formation. The first test was explored by
de Gennes who assumed that buckling occurred along the axis of a cylinder via helical
winding due to electrostatic interactions.^^ After further studies, it was determined that
electrolytes in solutions did not have an effect on the formation or radius of cylindrical
tubules.^^ However, a change was noticed in tubular formation when charged head
groups of amphiphiles were used.^^ Lubensky and Prost^"^ experiments consists of
calculations that approximate r to between the tubule radius, r and tubule length, /.
The phase diagrams ofmembranes displayed in-plane symmetry produced cylinders,
spheres, flat disk, and toridal shapes based on these theoretical calculations. However,
after further experiments^^ it was foimd that this theoretical approach didn’t account for
the energy differences between curvature and edge conformations and the radius.
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The final and more exact approach for lipid tubule formation was reported by Helfrich
and Prost.^® In this theory, a chiral component is incorporated into the membrane and
when tilted forms a cylinder due to the bending force of the long chiral molecules. More
importantly, this theory denoted a chirality constant (K*) to confirm right- or left- handed
helical conformations and concluded that the higher the K* value, the larger the
curvature. Finally, by establishing the concept that the chirality is directly related to the
curved morphology ofhelical ribbons which encourages the formation chiral lipid
membranes this helps to facilitate the development ofchiral synthetic systems. Selinger
and coworkers experimentally tested this theory and noticed two remarkable observations
in regards to chiral molecular packing of tubules and helical ribbons.^^ Helical ribbons
(see Figure 6) always have chiral structure due to chiral molecular packing. This was
confirmed via fluorescence microscopy and near-field scanning optical microscopy.
Also, CD spectroscopy of diacetylenic lipid tubules provided strong adsorption
suggesting that chiral packing is prevalent in solution, in addition to large spherical
CO
vesicles although they may have a low CD adsorption. These chiral amphiphiles can
self-assemble into numerous superstructures as a result of their chiral molecular packing.
Chiral carbons assist their neighbors into packing at an angle greater than zero which
allows the chiral stereochemistry to arrange into a consistent orientation that is
energetically favorable for a solid bilayer membrane.^^
When Thomas’ research group modified the monomeric backbone of glycerol
containing l,2-(bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine) abbreviated as
DC(8,9) by replacing the C-O-P groups with a C-C-P linkage yielding a three-carbon
glycerol backbone name “C4-phosphonate interesting structures were noticed.®®
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These phosphate lipid tubules when immersed in water form right- and left- handed
confirmed using fluid-cell AFM scanning (see Figure 7). Therefore, these
superstructures support the chiral symmetry-breaking models that support molecular tilt
and chiral-packing theory due to the substitution ofmethylene groups with oxygen. The
C4 phosphonate tubules had a pitch angle of 58.13° ± 2.84° and an average width of
1.176 ±0.028 pm.
Fig. 6. Helical ribbon
schematic showing tilt




Fig. 7. Right-handed (top) and left-handed (bottom)
phosphonate lipids using pseudo-3D underwater
contact mode AFM image.
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2.3.1.2. Synthetic Systems
Helical induction constitutes self-assembly via stabilization of hydrogen bonds,
electrostatic interactions, hydrophobic-hydrophilic, ionic attractions, etc., along the
polymer backbone.^' This mechanism of self-assembly (secondary bonding) promotes
helical stability in biomacromolecules when placed in aqueous environments. However,
when these macromolecules are exposed to different external environments (acidic,
alkali, soaps, and high temp) they have the tendency to unfold and denature to evolve into
a random coil state. The stereospecficity of a macromolecule depends on the
self-assembly ofpolymers as a result ofmanual manipulation. Traditional methods such
as top-down patterning using photolithography and microcontact printing helps achieve
materials on the nanoscale (<100 nm) and is know as the top-down approach. This
technique starts at higher dimensions but when finished with fabrication small nanoscale
devices are created. The bottom-up approach (see Figure 8) is most favorable when
producing self-assembled supramolecular polymers. As a result oforganic synthesis the
bottom-up approach is successful. Organic synthesis involves starting with small organic
molecules or monomers and chemically altering their structure to create highly-ordered
superstructures. Self-organization and self-assembly are essential tools in that provide a
synthetic approach to mimicking natural systems. Supramolecular structures that
undergo self-assemby consist ofdendrimers, chiral discotic molecules, oligomers,
amphiphilic block copolymers, just to name a few. Supramolecular polymers may self-
assembly into various nano-size conformations in selective solvents. Some favorable
solvents are water, THF, chloroform, methanol, or n-butanol.
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Fig. 8. Nano-scale schematic
2.3.2. Supramolecular Self-Assembly ofBlock Copolymers
The ability to create intricate and interesting architectures in solid state and
solution can be generated by the self-assembly ofblock copolymers.^^ A block
copolymer can be defined as two distinct macromolecules chemically combined together
that yields a single molecule. Figure 9 shows a schematic of a block copolymer with
different blocks. Self-assembly in block copolymer systems permits the formation of
organized structures. Molecular interactions such as hydrogen bonding, electrostatic
interactions, hydrophobic-hydrophilic effects, and van der Waals forces contribute to the
self-assembly process. When one block of the copolymer is dissolved in a selected
solvent and the other block avoids contact from the solvent the diblock copolymer
imdergoes supramolecular self-assembly. Hence, nano-size architectirres can be created.
»•••
Block Copolymer
Fig. 9. Schematic of diblock copolymer
Several research groups have contributed to this area of supramolecular
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assemblies using an assortment ofmethodologies. Several morphologies of
poly(styrene)-b-poly(ethylene oxide) [PS-b-PEO] in aqueous solutions ofdifferent blocks
lengths were observed by Eisenburg and Yu.^"^ This original work reported rod-like
aggregates, vesicles, and spheres when dissolved in organic solvents ofmicrometer size
using TEM. When the diblock copolymer containing a constant repeat unit ofPS and a
small repeat unit ofPEO was dissolved in dimethylformide (DMF), aggregates ranging
from spheres, rods, and bilayers were observed. Shortly after this, Eisenberg and
coworkers also observed the self-assembly ofPS-b-PEO in other solutions.^^ When the
PS-b-PEO diblock copolymers were dissolved in varies solvents such as DMF, water, or
exposed to electrolytes in solution, bilayer crew-cut aggregates were formed. It was also
reported that temperature plays an important role in the formation of these morphologies
depending on the annealing time. These tubular aggregates were deemed as a transition
phase upon forming vesicles or spheres. Thus, by changing the block composition ofPS
or PEO and block concentration in solution the resulting morphologies may be
controlled. When a diblock composition ofPS24o-b-PEOi5 was dissolved in solution,
large compound vesicles, tubules, and vesicles were noticed. Upon changing the
repeating units in the diblock to PS240-b-PEO45 and preparing a dilute solution, lamellae
were produced (see Figure 10 and 11).
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Fig. 10. PS24o-b-PEOi5 tubular aggregates^’
a) linear tubule b) branched tubule
c) hole in middle tubule d) “plumber’s nightmare”
Fig. 11. Possible intermediates of
the vesicles prior to tubule transition^’
a) tubule attached to vesicle
b) oscillatory perturbation in diameter
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This work advanced the formation of tubules from block copolymers (see Figure 11)
and contradicted the only study that previously reported such structures were created
from using chiral diacetyleniconphospholipids.^^
Nolte et al., was the first to observe superhelices from a charged hydrophobic
polystyrene and hydrophilic poly(isocyanodipeptide).®^ These helical isocyanides were
polymerized using aNi (II) catalyst in the presence of an initiating amine. Block
copolymers self-assembled into bilayer aggregates, vesicles, and miceller aggregates
when placed in water. When the blocks were placed in solution, the poly(isocynano-L-
alanine-L-alanine) and poly(isocyano-L-alanine-L-histidine) formed right-handed (P) and
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Fig. 12. A) Negatively charged helical headgroups ofPS-b-PIAA and
B) zwitterionic headgroups for PS-b-PIAH
+-+-+.+.
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However, when the ester groups were diminished as a result of the addition ofNaOH,
the PIAA headgroups became negatively charged and the PIAH showed zwitterionic
characteristics (see Figure 12). It is believed that the right-handed (P) and left-handed
(M) helical structure is a result of the chirality encoded in isocynanopeptide in addition to
the steric interactions incorporated by the bulky side groups. When these block
copolymers are dissolved in a buffer solution, left-handed superhelices were formed with
a diameter of 180 nm and a pitch of 110 nm. The right-hand superhelix, PS4o-b-PIAA]o
had a diameter of 28 nm with a pitch of 19 nm. Figure 13 shows the PS4o-b-PIAAio of
the (P) and (M) helixes using TEM.
Fig. 13. TEM images of Nolte’s superhelices a) left-handed superhelix
b) PS4o-b-PIAHi5 right-hand helical aggregate in
sodium acetate buffer ofpH 5.6
c) Schematic illustration ofhelix
36
Helical superstructures were also formed using poly(methylphenylsilane)-
poly(ethylene oxide) multiblock copolymers^® in addition to vesicle formation in water.
When PMPSm-b-PEOn was prepared in water/THF mixture (90:10) left- and right-handed
helices were formed (Figme 14).
Fig. 14."^° A) TEM image of right-handed helix at
250 nm (unstained) and B) SEM image of left-handed
helix at 250 nm (stained)
These large helical structures displayed in Figure 14 are between land 2 pm in length,
with a width of 0.2 pm, and a pitch of 0.15 pm. This work confirmed the theoretical
calculations suggesting that PMPS adopt helical conformations having an equal amount
of left- and right- handed helices. And most importantly, this work establishes a
rationale behind helical aggregate formation ofPMPS-PEO via high water content that
affects the screw pitch of the PMPS backbone.^^
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When PMPS-b-PEO was characterized using fluorescence spectroscopy, an increase in
the simultaneous red shift appeared pertaining to the increase efficiency in intermolecular
and intramolecular interactions which affects the close packing in the helical aggregates.
More recently, poly(phenylacetylene) has been studied and their supermolecular
helical structure has been observed as well.^^ When poly(phenylacetylene)s functional
groups are complexed with small chiral molecules in organic solvents and water, a one-
handed helix was formed and this was detected using induced circular dichroishm (ICD)
and UV-visible spectroscopy.’^’^"^ When AFM studies were carried out, visualization of
poly((4-carboxyphenyl)-acetylene)s with lowMW (poly -IL) and highMW (poly-lH)
and their chiral complexes of (R)-(+)-l-(l-naphthyl)ethylamine, (R)-Nap) were detected.
One-handed helices were observed ofpoly-lH at high concentrations of 0.05 g/mL on
mica substrates. These supramolecular helices displayed in Figure 15 shows (B) a single
strand ofpoly-lH-(R)-Nap (arrow a); a double strands of the poly-lH-( R)-Nap
resembling a twisted structure with a height of 1.54 nm (arrow b); with a left-handed
helical conformation. The AFM samples ofpoly(R)-2 was prepared at a concentration of
0.025 mg/mL in DMF and a height of 0.83 nm was detected along with a right-handed
helical superstructure. These visual conformations (see Figure 15) of right- and left-
handed helical structures are consistent with CD spectra of the polymers when placed in
DMSO and DMF.^^
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Fig. 15. Enhanced AFM height (A and C) and
phase (B and D) image ofpoly-lH-( R)-Nap complex
Copper phenantholine-based helices was prepared by Lehn and self-organized
into quadruple helices. Advances in polymer chemistry ofhelical architectures begim
with the pioneering work by Natta, Pino and others.^’'Their work showed that most
isotactic polymers exist as short-range helices in solution. These structures are dynamic
versus static structures; therefore the direction of helical twist is very sensitive to small
changes in polymer side chains and the type of solvent.
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The approach to developing secondary chiral helical oligomeric or polymeric
structures are divided into two categories: (1) Secondary structures based on synthetic
macromolecules e.g. poly(triphenylmethylmethacrylate), poly(isocyanates), poly(3-
methyl-4-vinylpyridine) and (2) helical synthetic peptide or peptides from non-natural P-
and y-amino acids7®'^^ In 1996, Seebach reported the formation of stable helical
conformations with the hexapeptide H(-P-HVal-P-Hala-P-Hleu)2-OH/^ The helical
conformation is stabilized via intramolecular hydrogen bonding similar to natural
peptides from a-amino acids. Seebach’s group extended their studies and reported the
preparation and characterization ofhelical y-peptides in which the helical conformation is




3.1.1. High Vacuum Line
The High-Vacuum Line is used to provide the vacuum for the polymerization reactions.
The high vacuum line is a manifold consisting of a vacuum line and a nitrogen line attached
to aWelch High Vacuiun Pump (lO"^ to 10'^ torr pressure). All anionic polymerizations
were carried out using high vacuum breakseal techniques.
3.1.2 Apparatus for Breakseals containing monomer. 2-methoxvsvtrene
The monomer 2-vinylanisole was dried over CaHa under an inert environment and
distilled under vacuum into a flask containing a small amount of CaH2. This flask was
transferred to an apparatus (Figure 16) attached to the high pressure vacuum line with two




To High Vacuum Line
Fig. 16. Monomer Distillation Flask
3.1.3 Apparatus for purifying chiral ligands: (+1 DDB and (-)DDB
Chiral ligands were dried over CaHa or KOH and distilled under vacuum then into
another flask containing CaH2, This mixture was then attached to a distillation apparatus
connected to the high pressure vacuum line (Fig. 17.). The dry (+) or (-) DDB was distilled
into four separate breakseals containing a small amount ofdry benzene.
Fig. 17. Distillation Flask for Chiral Ligand
3.1.4. Apparatus for polymerization ofhelical polv(2-methoxvstvrene')
terminated with dimethvlsilane
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A 100 mL flask was for polymerization was prepared using glass blowing techniques.
This flask was connected to three breakseals and one connector for attachment to the high
vacuum line. Monomer, 2-vinylanisole in one breakseal, chiral ligand (+)/(-) DDB in another
breakseal and an additional inverted breakseal used to terminate the reaction with
chlorodimethylsilane (Figure 18).
To High Vacuum Line
Fig. 18. Polymerization flask for preparing helical
P2MS-functionalized with DMS
3.1.5 Apparatus for preparing g-allvl-oa-methoxvpolyfethylene glvcoll
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All glassware was dried overnight. The apparatus was set up immediately,
placed imder nitrogen and flame-dried to remove any surface moisture. Next, a
250 mL round bottom flask was connected to a condenser, addition funnel, and a
valve for exiting nitrogen.
3.1.6 Apparatus for Hvdrosilvlation Reaction
The glassware was dried overnight. The reaction set-up consisted of the




1,2 dioxane: (Sigma-Aldrich; FW 88.11; bp 100-102 °C; 1.034 g/mL)
was used as received.
2-methoxystyrene
2-vinylanisole: (Sigma-Aldrich; FW 134.18; Fp 57.2 “C; bp 36-43 °C/
0.5 mm Hg; d 0.999) was dried over CaH2 and distilled under vacuum into
glass ampoules.
Allyl Bromide
Allyl Bromide: (Sigma Aldrich; reagent grade 97%; F.W. 120.98; Fp -1 “C;
bp 70-73 °C; mp -119 “C; d 1.43) used as received or dried and distilled over
MgS04.
Dichloromethane
Dichloromethane: (Sigma-Aldrich, 99.6%; ACS reagent; bp 40 °C;
mp -97 “C; d 1.325) used as received.
/f-Butyl lithium
n-Butyl lithium: (Sigma-Aldrich, 2.0 M solution in cyclohexane,
mp 64.06 °C, d .775) used as received.
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Calcium Hydride
Calcium hydride: Sigma Aldrich (-40 mesh to +4 mesh, 95%, F.W. 42.10,
d 1.900)
(R, R)-(-)-2,3-Dimethoxy-l,4-bis(dimethylamino)butane, (-) DDE
(R, R)-(-)-2,3-Dimethoxy-l,4-bis (dimethylamino) butane (-DDB): (TCI
America, 96%, F.W. 204.32, B.P. 62-64 °C / 3 mm, d 0.896) was dried by
distilling over CaH2 under vacuum and sealed into breakseals just before
use.
(S, S)-(-i-)-2,3-Dimethoxy-l,4-bis(dimethylamino)butane, (+) DDE
(S,S)-(+)-2,3-Dimethoxy-l,4-bis(dimethylamino)butane, (+) DDB: (TCI
America, 96%, F.W. 204.32, B.P. 62-64 °C / 3 mm, n^°D 1.4343, d 0.896)
was dried by distilling over CaH2 under vacuum and separated into
breakseals just before use.
Methanol
Methanol: (Sigma-Aldrich, 99%, A.C.S reagent, F.W. 32.04, B.P. 64.7 °C,
d 0.791, F.P. 52 °F) was used as received.
Chlorodimethylsilane
Chlorodimethylsilane: (Sigma-Aldrich, 98%; C2H7ClSi; FW 94.62;
Fp-23 ° C; bp 36-37 “C; mp 111 °C; d 0.871) was dried over phosphorous
pentoxide and distilled into breakseal ofpolymerization reaction flask.
Sodium Sulfate
Sodium Sulfate (anhydrous): (Fisher Scientific, Certified ACS; FW 142.04)
was used to remove water solution ofAllyl MPEG in methylene chloride.
Methoxypolyethylene glycol 350
Methoxypolyethylene glycol 350: (Sigma-Aldrich, Av. Mol. Wt. 350;
Fp 182 °C) was refluxed over benzene or used as received.
Poly(ethylene glycol) methyl ether
Poly(ethylene glycol) methyl ether: (Sigma-Aldrich, Typical Mn 550;
d 1.089.
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Poly(ethylene glycol) methyl ether
Poly(ethylene glycol) methyl ether: (Sigma-Aldrich, Typical Mn 750;
Ti 10.500; Fp 182 °C) used as received.
Platinum (0)-l,3-divmyl-l,l,3,3-tetramethyl-disiloxane complex (O.IM solution
in PDMS, vinyl terminated)
Platinum (0)-l,3-divinyl-l,l,3,3-tetramethyl-disiloxane complex:
(Sigma-Aldrich; Fp > 110 “C; bp > 200 °C / 760 mm Hg; d 0.97) used as
received.
Phosphorous Pentoxide
Phosphorous Pentoxide: (Fisher Scientific; FW 141. 94; certified ACS;
d 2.390) used as received.
Sodium Hydride
Sodium Hydride: (Sigma-Aldrich, 95% dry, FW 24; mp 800 °C) used as
received.
Hexane
Hexane: (Fisher Scientific; certified ACS; FW 86.18; d 0.660) used as
received.
Tetrahydrofuran
Tetrahydrofuran (THF): (Sigma-Aldrich, F.W. 72.11, B.P. 65.8 - 66.1 °C,
d 0.855) was refluxed and distilled sodium and benzophenone just before
use.
Toluene
Toluene: (Fisher Scientific; certified ACS, F.W. 92.14, M.P. -93 °C,
B.P. 110 °C, d .865) was purified by reflux and distillation from calcium
hydride just before use.
3.3 Procedure
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3.3.1 Synthesis ofg-allv-cj-methoxvpolvfethylene glvcoll
The functionalized polymer, of a-allyl-co- methoxypoly(ethylene glycol) was
synthesized using methods reported preyiously.*®'*^ Sodium hydride was added to a 250 mL
reaction flask that was dried oyemight and heated with a heat gun to remoye surface
moisture. Tetrahydrofiiran was added into the flask through the addition funnel and allowed
to mix with sodium hydride in the presence ofnitrogen for 15 minutes.
Methoxypoly(ethylene glycol) was added drop-wise using an addition funnel to the sodium
hydride and THF mixture in the reaction flask. This was followed by rinsing the addition
funnel with dry THF. Hydrogen gas was allowed to eyolye for 15 minutes indicating the
progress of the reaction. Allyl bromide is added a few drops per minute into the flask and the
addition funnel is rinsed again with dry THF. The reaction mixture is allowed to stir for one
hour at room temperature. After one hour, a few drops ofmethanol were added to consume
any unreacted sodium hydride. After filtration and eyaporation of the solyent and excess
reagents, the filtrate is dissolyed in methylene chloride and extracted twice with water. The
organic phase is dried oyer sodium sulfate, filtered and the solyent is eyaporated to leaye a




Fig. 19. Reaction scheme ofa-Allyl co-MPEG
3.3.2 Polymerization ofdimethvlsilane functionalized helical
2-methoxvstvrene
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The reaction flask (see Figure 18) was dried overnight then connected to the vacuum
line with a rubber septum inserted into the injection port. The vacuum was applied and
residual surface moisture was eliminated using a heat gim. After the reaction vessel was
under vacuum for several minutes, nitrogen was introduced into the flask and more heat was
applied to the flask. Upon the flask cooling, dry toluene and n-BuLi was injected into the
flask and the injection port was immediately sealed with a methane torch. This light yellow
solution was then frozen and vacuum was re-introduced into the flask. After the reaction
vessel was under vacuum for several minutes, the cold flask was sealed off from the vacuum
line using the methane torch. The light yellow solution was allowed to reach room
temperature, and then the breakseal containing the chiral ligand, (+) or (-) DDB was
introduced into the solution. Once the chiral ligand reacts with the tolulithium anion, the
light yellow solution becomes darker on complexation. This color intensifies as the anion
reacts for one hour at room temperature, indicating the formation of the chiral initiating
complex. After one hour, the dark yellow solution is cooled to -78 °C and the breakseal
containing the monomer is broken. The reaction mixture is allowed to stir at -78 °C for 30
minutes to initiate the polymerization. Then the reaction vessel is placed in a cold room set
at -12 °C for 36-48 hours. Chlorodimethylsilane was dried over P2O5 and attached to the
high vacuum line with a stopcock. For termination of the living anion, the reaction vessel
(-78 °C) was reattached to the vacuum line at the connection designed for the breakseal for
chlorodimethylsilane. The vacuum valve was open and the chlorodimethylsilane stopcock
was opened.
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The area above the breakseal was cooled to allow the chlorodimethylsilane vapor to
condense. Once a substantial amount of chlorodimethylsilane was collected to cover the tip
of the breakseal it was broken. The yellow carbanion color disappeared indicating the
termination of the polymerization (see Figure 20). The reaction mixture was next
precipitated in hexanes, to collect the polymer. After filtration, the polymer was dried in a
vacuum oven for 12 hours. Afterwards, the polymer was freeze-dried in benzene on the high
pressure vacuum line.
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3.3.3 Hvdrosvilation reaction for preparing ofhelical
polv(2-methoxvsvtreneVblock-polv(ethylene oxide)
The poly(2-methoxystyrene)-block-poly(ethylene oxide) was prepared via
hydrosilylation methods by reacting the Si-H functionalized P2MS with the a-Allyl ca-
methoxy Polyfethylene glycol) using a platinum catalyst. Equimolar amounts of the
functional polymers were added (as an overall 20% solution) to THE using a few drops of
the platinum catalyst and allowed to reflux for 4-5 days.*'* Fractional precipitations were
performed in THF and hexane to obtain the pure diblock copolymers. The hydrosilyation
reaction scheme is shown below in Figure 21.
Fig. 21. Hydrosilyation reaction scheme ofhelical diblock copolymer
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3.4. Biocompatibility Studies ofHelical Poly(2-methoxysytrene)-b-Poly(oxyethylene)
3.4.1. HeLa cell culture procedure
3.4.1.1 HeLa Ovarian Cancer Cells
HeLa Ovarian Cancer Cells (ATCC) were used to evaluate the preliminary
biocompatibility of the helical diblock copolymers. The culture medium, RPMI-1640 or
Dulbecco’s Modified Eagles’s Medium (DMEM) was supplemented with 5% fetal bovine
serum and 1% antibiotic solution. One and five milligrams ofhelical block copolymer
samples were dissolved in anhydrous THE, then casted on glass slides and allowed to air dry.
Afterwards, the glass slides were placed in 12 well Tissue Culture Treated Non-Pyrogenic
Polystyrene cell culture wells provided by Coming Incorporated (COSTAR®). A control
row was established without any glass slides containing polymer. Polymer slides were
sterilized with 80% ethanol solution and allowed to dry a few hours.
The cell culture medium, RPMI-1640 or DMEM, was removed and discarded firom the
cell culture flask. The cells are washed with (IxPBS) then discarded. A Trypsin-0.53 mM
EDTA solution was used to rinse the cell layer to remove all the traces of serum which may
contain trypsin inhibitor. Two or three milliliters ofTrypsin-EDTA solution was added the
cells. The cell culture flask was then placed at 37 °C to promote detachment. The growth
media consisting of 6.0 to 8.0 mL was added to aspirate cells by gently pipetting. Cells were
then counted using a Hemocytometer. The appropriate aliquots of the cell suspension were
added to the new culture vessels with a cell concentration of20 x 10"^ / mL. Onemilliliter
was added into each well and cell culture was allowed to proceed for three, five, and seven




HeLa ovarian cancer cells were counted using the methods below. The cell culture
media was removed from the cell culture well. The cells were allowed to detach using the
trypsin-EDTA solution for five minutes. After the cells were trypsinized, medium was added
to prohibit cell detachement. This solution was centrifuged, the pellet was collected,
resuspended in new medium, and then the cells were counted using a hemocytometer. An
average value was determined by counting three wells for each set.
3.5 Characterization
3.5.1. and Nuclear Magnetic Resonance (NMR)
All NMR spectra were conducted on a Bruker ARX 400 MHZ spectrometer at room
temperature. All samples were placed in CDCI3 with or without an internal standard of
tetramethylsilane (TMS).
3.5.2. Nicolet Impact 400 Fourier-Transform Infrared Spectroscopy
Samples were prepared in IR grade KBr to make a KBr pellet or using NaCl salt
plates for nujol samples. The OMNIC E.S.P. 5.1 software program was used for sample
analysis.
3.5.3. Gel Permeation Chromatography (GPO
Gel Permeation Samples were analyzed using a Perkin Elmer GPC (with Binary LC
pump 250 and LC-30 RI Detector and Waters Styragel® HR3 GPC column) at a flow rate of
.10 ml/minute. A sample concentration of 0.1% was prepared in tetrahydrofuran (THE).
Polystyrene standards of various molecular weights were used for preparing calibration plots.
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A Waters Size Exclusion Choromatography system attached to a Waters 486 UV detector
and a Waters 2410 refractive index detector using THE as the eluent. This instrument was
also used for polymer molecular weight determination.
3.5.4. Differential Scanning Calorimetery (DSC)
Seiko Instrument DSC 220C was used to conduct thermal analysis of the diblock
copolymer samples. An aluminum pan, was used as the sample holder and placed under an
inert environment. Liquid nitrogen was also used to cool the environment to low
temperatures. Other DSC analyses were performed using Texas Analysis Instrument QIOOO
equipped with a 50 chamber auto-sampling chamber, a nitrogen purge system, and a liquid
nitrogen cooling system. Texas Analysis Instrument Q500 was used for thermogravimetric
analysis to determine the thermal decomposition of the diblock copolymer system.
3.5.5. Polarimetrv
A Rudolph Autopol III polarimeter with a cell pathlength of 10 cm was used to
determine all optical activity ofhelical poljmiers. The initial wavelength was from sodium at
589 nm. A known concentration of samples was prepared in THE to calculate the optical
rotation.
3.5.6. Circular Dichroism
Eor low temperature CD studies the AVIV Biomedical Circular Dichroism
Spectrometer and room temperature CD studies were conducted on a JASCO-J-720
spectropolarimeter. Samples were dissolved in HPLC grade THE or Toluene and diluted to
the desired concentration for CD analysis.
3.5.7.Malvern Zetasizer 55
Dynamic light scattering experiments were carried out using the Malvern Zetasizer at
Cornell University’s Nanobiotechnology Center in Ithaca, New York. Various
concentrations of samples were prepared to determine the particle size distribution vs. the
size intensity distribution in organic solvents such as 1,4 dioxane with water and THF.
3.5.8. Electron Microscopy
3.5.8.1. Scanning Electron Microscopy (SEM)
A Leo 1550, Keck FE-SEM with a Schottky Field Emitter was also used for
characterization. Samples were placed on silicon wafers and dried under vacuum at 60 °C
overnight prior to imaging.
3.5.8.2. Transmission Electron Microscopy (TEM)
A Leo 922 Energy Filtered Transmission Electron Microscope was used with
200 kv of energy to study polymer aggregation. Diluted samples were placed on a copper
grid and excess liquid was absorbed with a small piece ofpaper.
3.5.9. Atomic Force Microscope
Atomic Force Microscope (AFM) imaging was carried out using non-contact or
tapping mode. The Nanoscope imaging processing software was used for DI-3100 images
and WSx software was used for the Pico Plus and CP-II image analysis. Mica substrates
were used for analysis by drop-casting liquid samples prepared in THF or dioxane and water
followed by drying with nitrogen. Listed below are the various AFMs used for this work.
3.5.9.1. Veeco CP-II
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The Veeco CP-II AFM is located at Clark Atlanta University’s Science Research
Center in Atlanta, Georgia. For the CP-II AFM, phosphorus doped silicon cantilever tips
with spring constant ranging between 20-80 N/m, resonance frequency of251-313 kHz, tip
radius of 3.5 to 4.5 pm were used for non-contact imaging. Images were collected using the
maximum number ofpixels (1056) in each direction. The dimensions while imaging ranged
from lOOnm/div to 500nm/div depending on the sample size.
3.5.9.2. Molecular ImagingPico Plus and DI-3100
Two AFMs were used at Cornell University’s Nanobiotechnology Center in Ithaca,
New York. Olympus OMCL-AC240TS cantilever tips made of silicon were used for the
Pico Plus and DI-3100 instruments during sample imaging. These cantilever tips were
manually mounted onto the chip holder and have a stiffness value of 2 n/m, a frequency of
70 kHz, a radius of 7 nm and a thickness of 2.7 pm. When using the Pico Plus AFM,
samples were placed in an acoustic resistant cabinet while being analyzed. Pixels for these




4.1.1. Preparation of o!-Allvl-co-Methoxypolvtethylene glycol)
The functional 0!-Allyl-co-Methoxypoly(ethylene glycol), abbreviated as ally
MPEG, was prepared from molecular weights ranging between 350 to 2000. The lower
molecular weight functional polymers of 350 and 550 produced a light and bright yellow
viscous liquid, respectively. A light yellow paste was distinctive of allyl MPEG 750 and
the ally MPEG ofmolecular weight 2000 was a white powder. Toluene was used as the
initial solvent but it was later decided that THE was the best solvent for preparing the
allyl MPEGs. Allyl MPEGs were characterized using FT-IR and ’H NMR. In Figures 22
and 23 the FT-IR and ’H NMR spectra of allyl MPEG-550 are shown. Sodium chloride
salt plates were prepared using the light yellow viscous liquid (allyl MPEG) and the
FT-IR spectra showed: C-H stretch (2852 cm’’), CH2 stretch (1456 cm'^), C-O-C stretch
(1249 cm’' and 1111 cm’') and C=C stretch (1641 cm’'). However there was some
residual water present corresponding to the narrow peak located at 3400 cm’' and this is
most likely due to the moisture uptake by the PEG. The NMR samples was prepared
using CDCI3: 5 equal to 3.59 ppm located at A (s, 3H, -OCHs); the broad range




represents C-H2 protons; 5.18-5.30 ppm (m, 2H, of the vinyl group) letter D; and E 5.89-
5.94 ppm (m, IH) indicating one methylene proton. The sample was ran at room
temperature and scanned 32 times.









4.1.2. Preparation of a-dimethvlsilane helical (+) and (-)
polv('2-methoxvstrvene')
Dimethylsilane functionalized helical poly(2-methoxystyrene) was prepared by
helix-sense selective polymerization, a type of anionic polymerization, using high
vacuum and breakseal techniques. The bottom-up approach is essential for preparing
functional structures ofwhich are precursor building blocks that in turn create
well-defined nano-scale architectures. Anionic polymerization is a living polymerization
technique and polymers prepared by this methodology show narrow molecular weight
distribution which helps support biological applications. This is necessary for using
materials for the self-assembling process.
Homopolymerization and functionalization reactions previously carried out at 0
°C produced a yield in the neighborhood of 85% P The polymerization reactions were
carried out for 72 hours at -12 °C. However, at -12 °C the polymerization yield was
quantitative (100%) and the polymers were functionalized. Polymers were recovered
by precipitation in cold hexanes and allowed to dry under vacuum at room temperature
overnight. Further purification techniques such as freeze-drying were also performed.
The proton NMR spectra (Figure 24) shows Si(CH3)2-H protons at 0.14 ppm and the a-
Si-H protons are located around 4.7 ppm. The phenyl protons of styrene appear
downfield between 6.5-7.0 ppm, methoxy at 3.5 ppm, methine protons are present around
2.4 ppm, and the methylene protons appear near 1.6 ppm. The broad methoxy peak
located around 3.5 ppm indicates the splitting into pentad level (e.g. mmmm, mmmr,
mmrrr etc.) stereochemical information.
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Previous studies by our group has successfully assigned the stereochemistry of this
polymer as an predominantly isotactic polymer. Additionally, previous work in the
Khan lab has also demonstrated that the polymers prepared in toluene and at lower
temperatures are more isoatctic than when polymerized in THF. In toluene a tighter ion-
pair is most likely formed and this permits the formation ofmore stereoregular poly(2-
methoxystyrene).
Fig. 24. 400 MHz NMR spectra ofpoly(2-methoxystyrene)-dimethylsilane in
CDCI3
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4.2. Preparation of (+) and (-) helical poly(2-methoxystyrene)-block-poly(ethylene
oxide)
Several diblock copolymers were prepared via hydrosilylation reactions.
Hydrosilylation experiments entails reacting the Si-H group of the functional polymer to
the vinyl group of the allyl MPEG in the presence of a platinum catalyst (Figure 25). The
onset ofhydrosilylation is confirmed by the presence of the yellow color. This reaction
takes place under mild conditions and connects the silicon-hydrogen bond to carbon-
carbon double bond.^^’^* This covalent connection of two functional polymers produces
the helical poly(2-methoxystyrene)-block-poly(ethylene oxide) diblock copolymers,
abbreviated as P2MS-b-PEO. Table 5 lists the molecular weights, optical rotations and
thermal transition temperatures of several homopolymers and diblock copolymers
prepared. The helical (+ and - optically active) homopolymers with optical rotations
between 8° to 10° were also obtained. The P2MS-b-PEO diblock copolymers were
optically active and the signs of the optical activity corresponded to the sign of the optical
activity of the silane functionalized helical polymer used to prepare the diblock
copolymer. The functional homopolymers were obtained with low molecular weight
distributions as expected for living anionic polymerization. The significant
overestimation of the molecular weight of the homopolymers is most likely due to the
rigid rod structure ofP2MS. The molecular weight of rigid rod polymers is normally
overestimated as a result ofusing polystyrene standards. Additionally, aggregation is
possible, which would also result in higher apparent molecular weights.
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From the molecular weight information, the broad molecular weight distribution of (-)
P2MS-b-PEO, suggests aggregation when using the GPC solvent of toluene.
Characterization ofhelical P2MS-b-PEO diblock copolymers were also carried out using
NMR, FT-IR, DSC, CD spectroscopy, SEM, TEM, and AFM. The NMR (Figure
26) spectrum of the diblock confirms Si(CH3)2-H (4.7 ppm) protons are no longer present
in the spectra indicating that the hydrosilylation reaction is complete. Additionally, the
Si-H FT-IR stretch at 2160 cm‘^ is not observed in the diblock copolymer sample. The
aromatic resonance peaks are consistent with poly(2-methoxystyrene)-dimethylsilane








Fig. 25. Reaction scheme for hydrosilylation reaction of
diblock copolymer
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The optically inactive diblock copolymer, P2MS80"b-PE08ohas a single glass
transition temperature at 52 °C. However, a melting point for the PEO phase, in this
diblock copolymer was not observed. Most likely this glass transition temperature
corresponds to a mixed amorphous phase ofP2MS and PEO. The DSC thermographs of
several diblock copolymers are displayed in Figure 27. The Tg or glass transition of (+)
HB4 [helical block 4] (red line) corresponding to the diblock of (P2MS)i5o-b-(PEO)7
appears around 90 °C which indicates mixing of the P2MS and PEO phases. Secondly,
when looking at the higher molecular weight diblock copolymers of (-) HB2 and (-) HB3,
the transitions temperatures are lower. Both of these diblocks have repeat units of 75 for
P2MS and seven repeating units ofPEO and their thermographs indicate the softening
QQ
temperature of the P2MS phase.
Table 5. Prepared polymers and characteristics
Polymer Mn Mw PDI
Tg
(°C)
(+)P2MS-DMS 16700 20000 1.22 (+)10
(-) P2MS-DMS — — (-)6
AMPEG 350 660 700 1.02
AMPEG 550
AMPEG 750 10000 11000 1.16 —-
AMPEG 2000 3550 3700 1.04
P2MS8o-b-PE08o 7000 9000 1.29 52 —-
(+)P2MSi50-b-PEO35 18590 21500 1.16
(+)P2MSi5o-b-PE07 17400 20000 1.15 91 (+)14
(+)P2MSi5o-b-PE08o 8900 11400 1.28 61 (+)4
(-)P2MS75-b-PE07 132200 400800 3.03 85 (-)6
(-)P2MS75-b-PE07 130000 396000 3.05 75 (-)8
(-)P2MS75-b-PEOi6 (+)135
Poly(ethylene oxide) has a glass transition temperature of at - 60 °C and the
reported Tg ofP2MS is between 130 and 140 The thermograph of (+) HB5
(purple line) pertaining to (+) (P2MS)i5o-b-(PEO)8o suggests the formation of a two
phased system, a higher glass transition is observed at 135 °C and a lower Tg is observed
at 61 °C. The higher glass transition ean be assigned to a pure poly(methoxystyrene)
phase and the lower Tg to amixed phase ofPEO and P2MS.
Fig. 26. 400 MHz NMR spectra ofhelical (+) P2MSi5o-b-PE07 in CDCL3
HeatFlow(W/g)
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Fig. 27. DSC thermographs ofhelical P2MS-b-PEO
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Fig. 28. TGAof(+)P2MS-b-PEO
The diblock copolymers are reasonably thermally stable and TGA (thermal
gravimetric analysis) studies on (+) P2MS-b-PEO suggest that 98.5% the diblock
copolymer decomposes around 388 °C.
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4.3. Cell Culture Studies ofPoly(2-methoxysytrene)-block-Poly(ethyleneoxide)
and (+)/(-) Poly(2-methoxystyrene)-block-Poly(ethyleneoxide)
HeLa Ovarian cancer cell lines were used to assess preliminary biocompatibility
of the diblock copolymers and to evaluate the possibility ofusing the diblock copolymers
as supports for tissue engineering. Poly(ethylene oxide) is approved by the FDA for a
host of therapeutic applications because it is an inert synthetic polymer in vivo, PEO is
hydrophilic and it avoids uptake in the reticuloendothelial system (RES) meaning it stays
in blood circulation for prolonged times.^^ Earlier work (2002) from this group
demonstrated that the chiral helical polymers ofP2MS are more effective for the
attachment and growth ofHeLa cells."^® HeLa cell culture studies show that the HeLa
cells grow better on diblock copolymers containing a substantial amount ofPEO.





■ (-) P2MS-b-PEO. 5
3 days Sdays 7 days
Days
Fig. 29. HeLa cell growth on P2MS-b-PEO diblock
copolymers over a period of three to seven days
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Day 3 Day 5 Day 7
Fig. 30. HeLa cell images of (-) P2MS-b-PEO sample surface
In Figure 29, the HeLa cell growth on the control and different diblock copolymers are
shown. The control well (tissue culture polystyrene) showed sufficient growth ofHeLa
cells after seven days. It was observed that HeLa cells grew well on the diblock
copolymer ofP2MS-b-PEO with out any helical conformation. This diblock was
composed of 80 repeat units ofP2MS and PEO, respectively. When (-) P2MS75-b-PE07
is compared to P2MS8o-b-PE08o, cell growth on the latter was more substantial than the
former. One of the problems observed was that in seven days overgrowth of the cell was
observed (Figure 30) and the datamay not have substantial significance. For that reason,
a consecutive three day cell culture study was carried out comparing the (+) and (-)
diblock copolymers cell growth. Over a period of three days, cell growth on the helical
diblock copolymer of (+) P2MS-b-PEO was more prevalent than the (-) P2MS-b-PEO
(Figure 31). In summary, this data is consistent with earlier observations that the
homopolymer (+) P2MS is the most suitable substrate for cell attachment and growth
compared to other synthetically prepared homopolymers ofP2MS.^^
70









Fig. 31. HeLa cell growth on (+) and (-) helical P2MS-b-PEO
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4.4 Characterization studies of the self-assembly of helical poly(2-
methoxystyrene)-block- poly(ethylene oxide) using Scanning Electron
Microscopy, Transmission Electron Microscopy, Atomic Force Microscopy,
and Dynamic Light Scattering
Supramolecular nanoscale structures ofhelical P2MS-b-PEO were observed using
tools such as the SEM, TEM, AFM and Dynamic Light Scattering called the Malvern
Zetasizer.
Mag • 3.36 K X WO » 4 mm Aperture Size ■ 20.00 pm Time :16:48:26
V*/. ■ Xiig fZJBA ?lkA - *Jir 1-4
Fig. 32. (+) P2MSi6o-b-PE05o aggregates on native silicon
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4.4.1. Scanning Electron Microscopy Studies
When (+) P2MSi6o-b-PE05o was prepared as a 1.0 x 10'3 M solution of dioxane,
with 1% water, and the polymer solutions were dropped on a silicon wafer (Figure 32)
followed by drying at 50 °C for one hour, star-like assembles were observed. The helical
hydrophobic P2MS block self-assembles into a star-like corona around the hydrophilic
coreofPEO. This is indicated by arrows in Figure 32. An organic solvent such as
dioxane is used to dissolve the P2MS block and self-assembly is carried out by using
water for the PEO block. This process allows the shorter block, PEO, to form the core
which is swollen by the solvent leaving the helical P2MS blocks to form worm-like
structures. These preparation methods induce self-assembly and aggregation using
amphiphilic block copolymers in a controlled fashion by varying solutions or processing
conditions.®^ Figure 33 shows an SEM image of (+) P2MSi5o-b-PE07 on a plasma-
treated silicon wafer. The hydrophobic helical P2MS chains are embed into the
hydrophilic surface of the silicon wafer while the hydrophilic PEO core protrudes out
avoiding the silicon surface. This is a result of the hydrophilic surface created from
plasma-treating the surface of the wafer. The PEO block still forms a core (indicated by
arrows) due to the solution preparation in which water was added drop-wise to induce
self-assembly. Two conclusions may be drawn from these observations: (a) the
processing in dioxane with 1% water content will self-assemble into an aggregate with a
PEO core (see Figure 34) and (b) the fact that a polar methoxy group is present on the
styrene block permits adhesion to both hydrophobic and hydrophilic surfaces.
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Keck FESEM 200nm EUT- 2.20 KV Signal A-miens Date :30 Jun2005
Mag - 2900 KX 1—1 WD ■ 6 mm Aperture Size - 2000 |jm Time :15:28:36
1
Fig. 33. (+) P2MSi5o-b-PE07 aggregates on plasma-treated
silicon
Helical P2MS
Fig. 34. Schematic illustration of aggregates
on silicon wafer surface
■Silicon wafer
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Diblock copolymers of (+) P2MSi5o-b-PE03o in dioxane and water formed
well-defined oscillatory perturbations of tubules when little heat was applied and during
the evaporation of the solvent (Figure 35). This preparatorymethod may be used for
forming vesicles. A plausible explanation for this phenomenon is the stretching of the
helical secondary structure once dissolved in dioxane is diminished therefore, well-
defined spheres or vesicles are not created. Spheres, in figure 36, were also formed using
these similar self-assembly techniques ofdioxane and water. Spheres are formed from
molecular chiralitywhich is known to be the most important component in the lipid
tubular formation. However, Eisenberg and Yu observed that chirality is not required to
form block copolymer tubules.^^ Additionally, vesicles and branched tubular aggregates
(see Figure 37) were observed. These images suggest the formation of various sizes of
vesicles with an inner and outer boundary. Therefore, these SEM images confirm that
(+) P2MS-b-PEO diblock copolymer forms bilayer aggregates such as tubules and
spheres when dissolved in dioxane and water. However, SEM is not the best tool to use
for visualizing these higher structural ordered diblock copolymers which leads into
characterizing these superstructures using othermicroscopy techniques.
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Fig. 35. SEM micrograph ofwell-defined tubular oscillatory
perturbation of (+) P2MSi5o-b-PE03o
Keck FESEM lOOnm
Mag»40i30KX | |
Fig. 36. SEM mierograph of spheres of (+) P2MSi5o-b-PE03o
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Fig. 37. Vesicles and branched tubular aggregates of (+) P2MSi5o-b-PE07
4.4.2. Transmission Electron Microscopy Studies
Transmission Electron Microscopy was also used to observe the micellar
morphology of the helical diblocks. A multitude of aggregates were observed ranging
from large micelles to tubular aggregates (see Figure 38). Solution preparation may have
caused extreme stretching of the helical P2MS phase resulting in these an assortment of
morphologies. This may be a result ofheating, adding H2O then allowing it to evaporate.
Initially an ethanol and water mixture (7: 3) was prepared and heated to 50 °C for 8
hours. After partial dissolution of the diblock copolymer, the hot solution was filtered
and the sample was placed in the refrigerator to induce crystallization. Next, a
H20:ethanol (9:1) solution was prepared and allowed to stir at 60 °C for two hours.
After two hours, a white precipitate was noticed, at this time 1,4 dioxane was added drop
wise to help dissolve the remaining bulk sample.
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Another sample was prepared from the remaining white precipitate. Next, a
solution ofdioxane and H2O (7:3) was prepared from the white precipitate. Once H2O
was added the solution became cloudy and aminimal amount ofheat was added to
achieve solubility. This solution was allowed to stir for 48 hours. After 48 hours, 4.5 mL
of 1,4 dioxane was added and the solution was allowed to stir for 30 minutes. Two
additionalmilliliters of dioxane was added shortly after 30 minutes and the solution was
filtered. These solvents were allowed to evaporate for two days thus forming immiscible
layers. Once the white precipitate fell out of solution during the evaporating process, the
solution was capped and saved for sample characterization. The white precipitate, of
which one microgram was taken, was dissolved in three milliliters ofdioxane followed
by the addition ofonemilliliter ofwater. When the solution became cloudy the addition
ofwater was eliminated. This solution was allowed to evaporate for one hour before
being placed on a silicon wafer for microscopy analysis.
The TEM results, shown in Figure 39 appear to resemble oil droplets. The darker
area of the aggregates suggests that the core of the aggregate is denser than the corona or
tubular area. In Figure 39, the dense micellar core has dimensions averaging ~ 333 nm.
Another remarkable observation is the encapsulation of another aggregated structure
within the morphology which may be a result of the sample preparation. In the latter,
(see Figure 40), there are a cluster of aggregates confirming spheres and tubular vesicles
















Fig. 40. Dimensions of aggregates of (+) P2MS-b-PEO
In conclusion, by varying methods of sample preparation and using diblock
copolymers with different block lengths, it is possible to observe and determine various
stages of aggregation.
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Fig. 41. Height image of aggregates of (+) P2MSi5o-b-PE07 in dioxane and water
4.4.3. Atomic Force Microscopy Studies
Atomic Force Microscopy (AFM) tapping mode images of aggregates of
(+) P2MS-b-PEO are shown in Figures 41 and 42. The core PEO has a height of25 nm
and the helical P2MS corona has a height of 20 nm. Contrary to the former SEM images,
AFM images provide better resolution techniques without engaging voltage to the
samples which can inadvertently damage the polymer samples. A tentative interpretation
of these AFM images is that the supramolecular structure ofP2MS in conjunction with
PEO helps to stabilize the aggregate morphology.
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Fig. 42. Amplitude image of aggregates of (+) P2MSi5o-b-PE07 in dioxane
and water
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Fig. 43. AFM image of (+) P2MSi5o-b-PE07
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Fig. 44. Enhanced AFM image of (+) P2MSi5o-b-PE07
When the (+) chiral diblock copolymers were dissolved in THF and diluted to a
concentration of 1.0 x 10'^M then drop-cast onto amica substrate. A left-handed twisted
helical ribbon of the (+) P2MSi5o-b-PE07 was observed using tapping mode AFM (see
Figures 43 and 44). The helical ribbon represents the diblock copolymer which only
formed one microphase as determined by the DSC thermograph in Figure 27. Therefore,
we can deduce that the short PEO chains are intertwined in the twisted helical P2MS
chains without any definite phase separation. However, the secondary helical structure of
the diblock guides and induces the formation of the higher ordered (tertiary) structure of
the self-assembled structure. The helical ribbon has a length between 12 and 14 pm and
a pitch of200 nm.
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When observing the (-) P2MS-b-PEO diblock copolymer using AFM on a mica
substrate various things were noticed. Self-assembled structures were observed from
concentrated solutions of the (-) diblock when processed using THF. This sample was
vortexed for a few minutes to diminish aggregation of the diblock. The aggregated left
handed helical structures are visible by APM on the surface of a native mica substrate.
Figure 45 visually confirms the (-) P2MS-b-PEO with a height of approximately 40 nm
which corresponds to assembled structures. Thus, these helical segments resemble DNA
molecules when deposited on mica tentatively confirming some helical conformation.^"*’^^
Fig. 45. AFM height image of
(-)P2MS-b-PEO molecules
on mica substrate
When the (-) P2MS75-b-PEOi5 sample containing more repeat units ofPEO was
prepared at a dilute concentration of 10'^ M in THF the following was noticed via tapping
mode AFM. There was some twisting of the supramolecular structure denoted by the
arrows in Figure 46. This twist has a width of 10-15 nm with a height of about 10 nm.
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Hence, the double helical DNA is approximately 2 nm in diameter and can used as a
model when analyzing the superstructure ofhelical P2MS-b-PEO. Although, this
structure resembles a denatured protein which (may be a result of sonification and the
mechanical contact with the scanning tip^^ used for imaging) there is visual conformation
of structured order. Subsequently, the cantilever tip can greatly affect imaging if an
inaccurate tip is used.^^ Most importantly, there is a repeat pattern confirming helical
morphology via profile analysis (Figure 47). Although, the vertical resolution may be
more precise than horizontal resolution due the some broadening that is caused by the
cantilever tip the analysis calculations may be overestimated.^*’^^ The length of this
helical twist in Figure 47 has a 14 nm pitch with a length of43.94 nm and a height
pertaining to 10 nm. Although, the longer helical block is more prevalent in the diblock
the PEO chains adhere to the mica surface allowing the helical backbone to stack on top.
This may suggest that the blocks ofPEO help stabilize the diblocks structure. Both the
(+) and (-) helical diblocks forms left handed superstructures with differences in the
tightness of the helical superstructures, with the (-) diblock providing a tighter or more
compact helix. The high polydispersity of these (-) diblock copolymers and high
molecular weight may have an effect on the nanoscale application and secondary
structure architecture. Figure 48 displays a summary of the self-assembly ofhelical
(+) and (-) P2MS-b-PEO under various processing conditions.
Overall, there are several parameters that may effect the deposition, order, and
arrangement ofmolecules on mica substrates. Solvent evaporation. Brownian motion,
adsorption, capillary forces, humidity, and temperature may alter molecular orientation
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on flat surfaces when performing AFM studies. The evaporation of the solvent and
capillary forces can cause condensation and dense packing ofmolecules thus causing
aggregation.^'* When the adsorption ofmolecules is to fast the equilibrium state is
disturbed resulting in an irreversible process. When 14-ABG-PS was spin-casted on
mica, under- and over winding of the molecules was observed.
Fig. 47. Height profile analysis ofhelical twist of (-) P2MS-b-PEO
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Helical (i-) or (-) Poly(2-methoxystyrene)-blocl;-Poly(ethylene oxide)
Evaporation
55nm
Fig. 48. Schematic illustration ofhelical (+) and (-) P2MS-b-PEO self-assembly
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4.4.4. Circular Dichroism Spectroscopy
The CD spectra in Figure 49 corresponds to the formation of the helical
conformation of the (+) and (-) P2MS-b-PEO at room temperature in solution. The
cotton effect at 223 nm indicates the differential absorption of left- and right- handed
circularly polarized light opposite in sign but equal in magnitude which is strong
evidence ofhelical conformation. An isobestic point indicating the formation of
enantiomeric higher structural order was also noticed. These cotton effects suggest that
the chirality of the helix is (+) for the blue curve and (-) for the red curve. A slight offset
ofpeaks is also present which is a result of the different molecular weights and
polydispersity of the diblocks. Also in previous reports, the homopolymer ofP2MS
undergoes helix-to-helix interconversion and consequently a CD spectra was not
obtained.*^ However, it is prominent to conclude that the PEO block helps to stabilize
the secondary structure of the chiral P2MS helix through hydrogen bonding and the
ortho- positioned methoxy group. Furthermore, confirming that optical activity and
helicilty is a result ofhigher structural order and not a true absolute chiral center.
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Fig. 49. CD Spectra of (+) P2MS-b-PEO +14
and (-) P2MS-b-PEO [a]o'’* -8 in THF at
room temperature
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4.4.5. Dynamic Light Scattering Studies
Zetasizer DLS Data
Polymer Concentration
Fig. 50. Dynamic Light Scattering data ofpolymer concentration versus particle
size
Another characterization tool, the Malvern Zetasizer, w^as used to look at particle
size. Dynamic light scattering (DLS) was beneficial to determine a more precise particle
size when the (+) diblock copolymer was placed in solution. The rationale behind this
was to look at particle size without any substrate surface interactions that may occur
when conducting SEM, TEM, and AFM imaging. It was observed at high concentrations
(0.16 M) there was a wide gaussian curve with a particle size average of 604 nm and a
polydispersity index (PDI) of 0.333.
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However, at lower concentrations of 3.0 x 10'3 M, particle size averaged an approximate
33 nm with a PDI of 0.042. After further dilutions (2.0x10-3 M) a particle size of32 nm
was detected with a polydispersion index of 0.153. A plausible explanation for this
decrease in polymer concentration and particle size is the hydrodynamic volume of the
diblock decreases as a result of the swelling factor of the polymer when diluted (Figure
50). Hence, a broader size distribution suggests that the polymer is in a random coil state
(Figure 51a) versus a narrow size distribution suggesting the polymer is in a condensed
globule (Figure 51b).




























Fig. 51. DLS a) (+) P2MS-b-PEO 2.0x10'^ M with narrow
size distribution b) aggregates (+) P2MS-b-PEO in dioxane
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Helical poly(2-methoxystyrene) has been demonstrated to have interesting
biofunctional properties and has the ability to form supramolecular structures. Poly(2-
methoxystyrene) is minimally biocompatible, as determined via cell culture experiments.
Helical (+) poly(2-methoxystyrene) (as compared to non-helical or achiral counterparts)
accelerates the attachment and growth of osteoblast cells, i.e. bone cells. Therefore by
constructing diblock copolymers using this polymer should yield interesting
biofunctional properties. Hence, by preparing nanostructures based on poly(2-
methoxystyrene)-block-poly(ethylene oxide) diblock copolymers, biofunctional materials
can be developed for applications in tissue engineering and drug delivery systems.
Additionally, these chiral polymeric materials may self-assemble into complex structures
approaching the sophistication ofbiological systems, synthetic equivalent of enzyme type
tertiary structures. This dissertation reports the preparation, characterization, and self-
1
assembly of helical (+) and (-) poly(2-methoxystyrene)-block-poly(ethylene oxide)
diblock copolymers. Further, the adhesion and growth of HeLa ovarian cancer cells on
the polymers with tertiary organizations have been evaluated. Atomic Force Microscopy
(AFM) studies visually confirm that the block copolymers self-assemble into nanoscale
materials with higher structural ordering.
2
11
These polyolefin’s side chains affect the helical conformation which in-tum effects the
helix-inversion barrier. Thus when the helix-inversion barrier is high (^ 85 kJ-mof')
the screw sense is stable at room temperature. However, when there is a low helix
inversion barrier the two screw senses may be at equilibrium.^^ Shortly after this work,
isotactic poly (3-methyl-1-pentene) was reported having a helical structure.^^ The chiral
side group of the optically active monomer is the precursor to the molecule’s helical
conformation and excess helicity.^^’^^ Solubility and temperature studies determined the
stereochemistry of the polymeric backbone. It was also concluded that these parameters
also impact the optically activity of the polymer.^^ Optically activity relates to
isotacticity by means of configurational rearrangements along the polymer backbone
which changes the helical conformation. Additionally, the temperature dependence was
also noted to have an affect on the optically activity of the polymer suggesting the right-
and left-handed segments are divided by helical reversals which become more dynamic
as temperature is increased.
Millich initiated the original work ofpolymerizing chiral isocyanide monomers
into 4/1 helical conformation.^^ Circular Dichroism (CD) spectroscopy determined that
these polymers had an M-helical conformation. Polymerization of isocyanates were
carried out using anionic polymerization techniques to form helical structures consisting
of equimolar amounts right- and left-handed conformations. When an achiral monomer
and a small amount of an optically active monomer are copolymerized by an anionic
initiator, optically active polyisocyanates are produced. These optically active
polyisocyanates exhibit one-handed helical structures that display random sequences of
(R) and (S) pendant groups. When the optical activity is observed using CD
spectroscopy of the polyisocyanates, amajority effect occurs due to the slight excess of
(R) groups versus (S) groups. This observation deduced that optical activity is
significantly affected by the random sequence of (R) pendant groups over the achiral
pendant groups. These chiral groups are deemed the term “sergeants” and achiral groups
“soldiers”. Bulky isocyanides also undergo asymmetric polymerization and have a 4/1
helical structure. Nickel catalyzed complexes are used to carry out a helix-sense-
selective polymerization of f-butylisocyanide with a helix-sense excess indicative of
nearly 83%. The polymers from t-butyl and 2-(t-butylphenyl) are characterized using
CD spectroscopy to determine their helical conformation. Cyclopolymerization of
diisocyanide compounds also yield optically-active helical polymers. When an optically
active palladium complex is used and reacts with a bulky diisocynanide compound, it
gives a diasteromeric helical pentamer.^^
Ring-opening polymerizations of cyclooctatetraene derivatives yield optically
active polyacetylenes.^^ Oligomers of chloral (trichloroacetaldehyde) are polymerized to
prepare optically active polymers using lithium alkoxides and carboxylates as initiators.
These helical oligomers, specifically the optically pure pentamer displayed a right-
handed conformation consisting of a RRRR main-chain configuration.^"^ Vogl and co¬
workers also observed a helix-helix transition in the isotactic oligomers using proton
NMR spectroscopy.
Optically active polymers ofbulky methacrylate monomers were synthesized via
asymmetric polymerizations using chiral initiators such as (+) PMP, (+) DDB, and (-)
sparteine at -78 °C.^^ These bulkymethacrylates produced poly(triphenylmethyl
methacrylate) and poly(diphenyl-2-pyridylmethyl methacrylate) with a one-handed
helical twist and a highly isotactic configuration.^’ Also, asymmetric polymerization of
N,N-disubstituted acrylamides results in high optically-active polymers using
(-)-sparteine with 9-fluorenyllithium or n-BuLi initiators.^’’’
When simple isotactic polymers with a repeating unit containing (-CHCHX),
ranging fi'om polyethylene to polythioformaldehyde are prepared, they crystallize to form
a degenerate helix.^* This work established theoretical calculations for synthetic helical
polymers.
2.2.1. Helix-sense selective polymerization ofPolv('2-methoxvstvrene~)
2.2.1.1. Polymers with Higher Structural orHelical Order
Helix-sense selective polymerization of2-methoxystyrene (Figure 2) was
successfirlly carried out using living anionic polymerization to prepare helical poly(2-
-JQ
methoxystyrene). Poly(2-methoxystyrene) using radical and anionic methods in various
solvents such as benzene, THF, and toluene were prepared and generated good yields.
However, lower temperature anionic polymerization in toluene results in low yields of
poly(2-methoxystyrene. The premise of this work stemmed from previous research on
solid state isotactic a-olefins and styrenes differing in stereospecific located substituents
which were experimentally observed to have low energy helical conformation with the
trans-gauche (..TGTG...) type backbone conformation.'’® This work ultimately confirms
that helix-sense selective polymerization of a vinyl monomer without bulky substituents
is possible. Figure 3 shows the proton NMR spectra ofP2MS in CDCI3 at room
temperature. The integration of peaks located at 7.1, 3.5,2.5, and 1.9 ppm has a ratio of
4:3; 1:2 respectively, and confirms the structure of the polymer. These peaks correspond
to the phenyl, methoxy, methine, and methylene groups ofP2MS.
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When the toluene prepared polymer was initiated with «-BuLi, the methoxy (-OCHs)
peak in the NMR spectra is positioned at 3.17 ppm. This peak broadened in area and
decreased in intensity when the polymerization temperature was increased. Therefore,
this chemical shift was assigned the mmmm (isotactic) pentad.^' Several polymerizations
were performed at various temperatures ranging from (30 °C, 0 °C, -20 °C, and -78 °C).
The polymerization conditions for 2-methoxystyrene using radical and anionic initiators
are listed in Table 1. It was also concluded that toluene is a better solvent for asymmetric
polymerization due to the ion-pairing. This logic was determined by Okamoto through
the use of the Bovey single-a plots and the Chujo’s equation [As = kT x ln(4IS/H^)].'^^ It
was confirmed that the polymers prepared in toluene at 0 °C was more isotactic then the
polymer prepared in THF at 0 °C. Subsequently, Khan and Gordon deduced that the
polymers prepared in THF versus toluene have dissimilar stereoregularities. The tacticity
of the polymers prepared in THF and toluene showed different tacticities at different
temperatures. When THF was used, the isotactic configuration decreased and
heterotacticity increased along the polymer backbone. When comparing the THF
synthesized polymer to the polymer prepared using toluene, both at 0 °C, the toluene
prepared polymer was more isotactic. The results of asymmetric anionic polymerizations
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Fig. 3. NMR (400 MHz) spectra ofP2MS in CDCI3
